Heme (Fe-protoporphyrin IX; Fig. 1A ) is required by almost all cell types and is involved in a broad spectrum of functions, ranging from mitochondrial electron transfer activity to binding or transport of oxygen by globins and detoxification through enzymes like catalases, peroxidases or proteins of the cytochrome P 450 superfamily [1] [2] [3] [4] . Because of its significance, most organisms have dedicated pathways for heme synthesis [5] . On the other hand, a relatively limited group of organisms are dependent on exogenous heme for their growth. Amongst the eukaryotes, the nematodes, exemplified by Caenorhabditis elegans [6] , and parasitic protists, such as Trypanosoma brucei [7] , are prominent examples.
Noncovalently bound heme can be extracted from a range of proteins. After the protein backbone is degraded or because of the action of secreted hemophores, the released heme is transferred to its required destination [8] , for example, the cytoplasm in the bacterium Haemophilus influenzae [8] , or the mitochondrion, the location of the final step of heme synthesis in most eukaryotes. However, there are heme-containing proteins where the heme is covalently bound to the polypeptide chain. Obvious examples are the c-type cytochromes, in which heme is attached to the protein via two thioether bonds on their conserved CXXCH motif [9] (Fig. 1B) , or rarely, in the case of protists from the phylum Euglenozoa, via one thioether bond [10] [11] [12] . Although the best-known c-type cytochromes are the mitochondrial ones, cytochromes c and c 1 [13] , prokaryotes produce a wide variety of these proteins, with many containing multiple covalently bound heme moieties [14] . Cytochromes c are found in numerous prokaryotic organisms, in some cases to the extent that the red colour of the cytochromes is readily notable in colonies, and if the covalent linkage(s) between the heme and the protein could be cleaved, they would be an additional source of heme, especially for heme auxotrophs.
The nematode C. elegans lives in soil where degradation of prokaryotic proteins occurs readily. Therefore, heme attached to fragments of degraded c-type cytochromes is likely to be encountered. There have been reports that C. elegans can extract heme from cytochrome c [6, 15] , but experimental details are sparse and, hence, there is no concrete evidence that ctype cytochromes can sustain C. elegans growth or any information about which c-type cytochromes can be utilized by the animal. Extracting heme from cytochromes c would be unprecedented as the covalent thioether bonds are relatively inert; in the laboratory these bonds can be cleaved only after harsh chemical treatment with Ag or Hg compounds [16] . In addition, not only must the bonds be broken, but it would have to occur through a reaction that would regenerate the native vinyl groups of the heme (Fig. 1A) .
In this study, we grow C. elegans in fully defined axenic media and we find that a range of naturally occurring and artificial cytochromes c, both from prokaryotes and eukaryotes, can be used as a heme source to sustain growth. By using, in addition to ctype cytochromes, other hemoproteins with diverse heme-polypeptide bonds, we are able to show that not all types of covalent heme attachment are amenable to cleavage. This suggests that C. elegans possesses a novel system for cleaving thioether bonds in c-type cytochromes which enables it to obtain heme from a source that had not been considered until now.
Materials and methods

Bacterial strains, plasmids and culture
Bacterial strains and plasmids used in this study are listed in Table 1 
Hemoprotein production, purification and characterization
Yeast (Saccharomyces cerevisiae) and horse-heart cytochromes c as well as microperoxidase-11 (MP-11) were [29] . Structural information of this attachment is derived from NMR studies on a hemecontaining holo-CcmE peptide. It was not possible to determine whether the 2-or 4-vinyl group of heme forms the covalent bond to the N d1 of the histidine (H130 in Escherichia coli); here, only attachment to the 2-vinyl group is shown. The H130C-CcmE can also bind heme covalently [26, 27] ; the molecular structure of this bond has not been determined but it is likely to occur in the same position on the heme as in wild-type holo-CcmE.
purchased from Sigma Aldrich (St. Louis, MO, USA).
Holocytochrome b 562 and holo-CcmE samples were recombinantly expressed and purified as described below. Holo-R98C/Y101C-b 562 was purified as described in [17] . Briefly, JCB387 cells were transformed with pb562R98CY101C and pEC86 ( [19] . Holo-R98C/Y101C-b 562 was purified on a DEAE-Sepharose anion-exchange column (Amersham Biosciences, XK26/20 column with a resin bed volume of 70 mL, Little Chalfont, UK). Chromatography was conducted at 4°C in 50 mM Tris-HCl (pH: 8.0). The column was eluted with a 0-0.5 M NaCl gradient at a flow rate of 9 mLÁmin À1 , and 7-mL fractions were collected. The spectrophotometrically purest holocytochrome fractions were identified from their absorption spectra following addition of DTT, and were pooled and concentrated. Cell growth and periplasmic extraction for the production of holo-R98C-b 562 (from pb562R98CStrep, Table 1 ) was performed as for holo-R98C/Y101C-b 562 . This cytochrome carries a C-terminal streptavidin II-tag, hence a different purification procedure was used. The periplasmic fraction was applied onto 7 mL of Strep-Tactin Sepharose (IBA, Goettingen, Germany) pre-equilibrated with 50 mM Tris-HCl (pH: 7.5), 150 mM NaCl. The column was washed with 50 mM Tris-HCl (pH: 7.5), 1 M NaCl and the protein was eluted with 50 mM Tris-HCl (pH: 7.5) 150 mM NaCl, 2.5 mM desthiobiotin (IBA). The eluent was exchanged into 50 mM Tris-HCl (pH: 7.5), 150 mM NaCl and concentrated.
Holo-R98C/Y101C-b 562 and holo-R98C-b 562 copurify with the apo-forms of these proteins. As apocytochromes do not contain any covalently bound heme, it was not necessary to perform further purification steps to separate the holo-from the apo-b 562 proteins for using them as a heme source for C. elegans growth.
Leaderless wild-type apo-CcmE bearing a C-terminal His 6 -tag and its H130C variant were purified as following. BL21 (DE3) cells were transformed with pE221 or pSHS07 ( Table 1) . Transformants were initially grown on LB agar plates supplemented with 100 lgÁmL À1 ampicillin and subsequently were used to inoculate small-scale overnight cultures as described above. 500 mL of LB in 2.5-L flasks were inoculated from the overnight cultures (1 : 250) and the resulting suspensions were incubated at 37°C with shaking at 200 r.p.m. until OD600 0.8. 1 mM IPTG was used for protein induction and cultures were further grown at 30°C with shaking at 200 r.p.m. for 15 h. After harvesting the periplasmic fraction was isolated as above and applied onto 10 mL of Fast Flow Chelating Sepharose (Amersham Biosciences) charged with Ni 2+ , and equilibrated with 50 mM Tris-HCl (pH: 7.5), 300 mM NaCl. The column was washed with the equilibration buffer and wild-type or H130-apo-CcmE were eluted with 50 mM Tris-HCl (pH: 7.5), 300 mM NaCl, 200 mM imidazole. The eluent was exchanged into 50 mM Tris-HCl (pH: 7.5), 150 mM NaCl and concentrated. Wild-type and H130C-holo-CcmE samples were generated by in vitro reconstitution of the purified apo-proteins with heme, as following. A fivefold excess of hemin (Sigma Aldrich; dissolved in 100% v/v DMSO) was added into a 1 mM protein solution (wild-type or H130C-apo-CcmE) along with 2 mM disodium dithionite. The reactions were carried out in the dark and at room temperature under humidified argon gas for 16-18 h. Unbound heme was removed by incubating the reaction mixtures in the dark with equal volumes of 50 mM Tris-HCl (pH: 7.5), 150 mM NaCl, 2 M imidazole for 16-18 h at 4°C. Excess imidazole and unbound heme were removed by applying the reaction [18] mixture to a desalting column (0.6 9 15 cm) packed with hydrated BIO-Gel P-6 DG resin (BioRad, Hercules, CA, USA). All purified proteins were subjected to SDS/PAGE and electrospray ionization mass spectrometry (ESI-MS) to confirm that they were pure and of the expected masses. SDS/ PAGE analysis was carried out on 10% 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (BisTris) NuPAGE gels (Thermo Fisher Scientific, Waltham, MA, USA) with prestained molecular weight markers (SeeBlue Plus 2; Thermo Fisher Scientific). All samples were denatured at 100°C for 2 min. Simply Blue Safe stain (Thermo Fisher Scientific) was used for staining gels for total protein content. Proteins with covalently bound heme were detected on gels using the method of Goodhew et al. [20] . For holo-CcmE protein solutions, heme staining was used to confirm that the reconstitution of apo-CcmE with heme was successful ( Fig. 2A) . The same method was used to establish that all hemoproteins included in this study did not contain any other heme source except for the heme that was covalently bound to the protein of interest. An example of SDS/PAGE analysis for one of the holo-b 562 samples is shown in Fig. 2B . Moreover, there is no detectable bheme comigrating with the dye front in the SDS/PAGE analysis of the reconstituted holo-CcmE proteins ( Fig. 2A) . ESI-MS was performed using a Micromass Bio-Q II-ZS triple quadrupole mass spectrometer (10 lL protein samples in 1 : 1 water: acetonitrile, 1% v/v formic acid at a concentration of 20 pmolÁlL À1 were injected into the electrospray source at a flow rate of 10 lLÁmin
À1
). All hemoprotein samples were further assessed by visible absorption spectra on a Varian Cary 50 Bio spectrophotometer. In addition, absorption spectra in the presence of hydroxide and pyridine in reducing heme conditions were obtained according to the method of Bartsch [21] . The latter are characteristic of the type of Fe-porphyrin present, as well as of any modifications to it. In the case of holo-R98C/Y101C-b 562 and holo-R98C-b 562 coexpression with the Ccm system led to the production of bona fide c-type cytochromes with the appropriate pyridine hemochrome spectra [17, 19, 22] , while for in vitro-reconstituted CcmE the same heme attachment as in naturally occurring CcmE [23] was observed.
Worm strains and culture
Caenorhabditis elegans strains used in this study are listed in Table 1 ; we used the wild-type C. elegans variety Bristol strain (N2) and the mutant high incidence of males (Him) strain (CB4088). Maintenance, manipulation and bleaching to obtain L1 larval stage animals was performed as described in [24] ; animals were cultivated at 22°C and fed with E. coli OP50.
Axenic media for C. elegans culture were prepared according to [25] . Briefly, the media preparation is described below. All media components except for UHT skimmed milk and the heme source, which were added separately, were mixed in aseptic conditions in the following order from sterile stocks, prepared using a 0.22 lm filter (amounts for 1 L of media are given): 10 mL 2 mM choline diacid citrate (Sigma Aldrich), 10 mL vitamin and growth factor mix, 10 mL 2.4 mM i-Inositol (Amresco, Dallas, TX, USA), 20 mL nucleic acid mix, 100 mL mineral mix, 20 mL lactalbumin hydrolysate solution, 20 mL MEM amino acids solution (509; Thermo Fisher Scientific), 10 mL MEM ) were transferred into axenic media, prepared as described above, in 9-well tissue culture plates. Media were supplemented with UHT skimmed milk (purchased from Tesco; 600 lL of milk were added to 2.4 mL of media), 20 lM heme source (any of the above hemoproteins were used or hemin was added from a 2 mM, pH: 8 stock dissolved in 0.1 N NaOH) and 100 lgÁmL À1 tetracycline. Worm cultures were incubated at 22°C with shaking at 50 r.p.m. and growth was monitored for up to 8 days.
Microscopy
Animals were anaesthetized with 10 mM tetramisole/M9 medium without a carbon source ( 
Results
C-type cytochromes can sustain C. elegans growth
In fully defined axenic media and in the absence of a heme source there was no detectable growth of wildtype C. elegans (Table 2 ). This is consistent with the lack of heme biogenesis genes in the C. elegans genome [6] . As expected, supplementation of the media with 20 lM hemin led to fully grown fertile adults. When, instead of hemin, horse-heart and yeast (S. cerevisiae) cytochromes c were used as a sole heme source, C. elegans showed similar growth both in terms of rate and number of progeny produced. The same results were also obtained when MP-11, a hemecontaining undecapeptide derived from horse-heart cytochrome c, was added to the media ( Table 2) . Growth of C. elegans was sustained by two different eukaryotic cytochromes c and a cytochrome-c-derived heme peptide. This is in line with a process where the Table 2 . Caenorhabditis elegans soma and germline development after growth in axenic media with different heme sources at a final concentration of 20 lM. Horse-heart cytochrome c and yeast (S. cerevisiae) cytochrome c are naturally occurring monoheme ctype cytochromes. MP-11 is a heme-containing undecapeptide derived from horse-heart cytochrome c. R98C/Y101C-b 562 and R98C-b 562 are non-naturally occurring variants of the b-type Escherichia coli cytochrome b 562 , which bind heme covalently through two and one thioether bond(s), respectively [17, 22] . CcmE is a membrane-anchored hemoprotein of the E. coli Ccm system which binds heme covalently through its conserved H130 [23] . Here, we purified leaderless, soluble, wild-type and H130C-apoCcmE, and reconstituted both proteins with covalently bound heme in vitro. "++" and "+" denote fully developed and partially developed tissues, respectively, while "À" denotes no growth. Results were reproducible in at least three independent experiments.
Heme source (20 lM)
Soma Germline protein gets degraded first, and subsequently the generated heme peptide is recognized, presumably by an enzyme which cleaves its thioether bonds to release the heme. To further support this, we also tested if C. elegans can grow on engineered c-type cytochromes by using two variants of E. coli cytochrome b 562 . The latter protein normally binds heme noncovalently but it can be turned into a bona fide cytochrome c, with one or two thioether bonds, when a CXXCH or CXXAH motif is engineered, respectively [17, 22] . Both of these proteins were as effective at supporting growth as hemin, the two 'orthodox' c-type cytochromes and MP-11 used before ( Table 2 ). On the other hand, when the E. coli Ccm protein CcmE, which binds heme covalently through an unusual bond to its conserved H130 [23] (Fig. 1C) , was used, C. elegans growth was not supported (Table 2) . Interestingly, an H130C variant of wild-type CcmE, which can bind heme covalently to a cysteine residue [26, 27] , also failed to support growth. All the above observations confirm and extend previous indications that c-type cytochromes can be used as a heme source. In addition, we find that this does not depend on the origin or the specific aminoacid sequence of the hemoprotein or heme-containing peptide. A potential concern, especially based on the unprecedented nature of these results, could be that the samples of cytochromes c that we used were contaminated with 'free' heme. We have no indication of such contamination by UV-Vis spectroscopy. In addition, analysis of the samples by SDS/PAGE stained for proteins binding heme covalently confirmed the absence of any 'free heme', which migrates as a diffuse band and can be normally detected co-migrating with the dye front or migrating even further (an example of SDS/PAGE analysis for one of the engineered b 562 samples is shown in Fig. 2B ).
At limiting heme concentrations for growth C. elegans somatic tissues develop preferentially to the germline
The use of defined axenic media allowed us to assess if covalently bound heme is an equally effective heme source for C. elegans as free heme (hemin). For this we compared hemin, MP-11 and yeast cytochrome c as heme sources, and tested lower concentrations than the 20 lM added for the experiments described in Table 2 . Using this experimental setup, we obtained the unexpected observation that at limiting concentrations of heme there is a striking difference between the development of the germline and the soma, irrespective of the heme source (Table 3, Fig. 3 ). As mentioned above, in the absence of a heme source, or at very low effective heme concentrations (< 2 lM), animals failed to develop beyond L2 larval stage. Above 8 lM heme, animals developed into normal fertile adults. At intermediate heme concentrations, hermaphrodites developed entirely normally with respect to somatic structures, but the germline exhibited little or no development and adults were consequently sterile (Fig. 3A,B) . In addition, a minority of hermaphrodites exhibited limited gametogenesis, resulting in abnormal embryos with no viable offspring (Fig. 3C) . When yeast cytochrome c was used, fertile hermaphrodites where obtained from 6 lM rather than 8 lM for hemin or MP-11 (Table 3 ), but this difference is small. Overall, our results are in agreement with previous observations where fertile animals were obtained from 4 lM hemin [6, 28] , and show that covalently bound heme, as found in cytochromes c, is an equally utilizable heme source as hemin.
We explored further the preferential development of somatic tissues at limiting heme concentration and found that maintenance of the sterile adults in axenic medium with limiting heme for up to 6 days, did not result in any fertility, nor did growth occur at low population densities. However, when the animals were transferred from axenic medium to normal bacterial food (E. coli OP50), many of the sterile adults eventually recovered self-fertility. This indicates that the underproliferated germline was able to recover once sufficient heme became available, and that both Table 3 . Caenorhabditis elegans soma and germline development after growth in axenic media with added free heme (hemin) or yeast cytochrome c as heme source, at variable final concentrations. These results can be also recapitulated if MP-11 is used as a heme source. Animals are fertile from 8 lM added hemin or MP-11, and 6 lM yeast cytochrome c. "++" and "+" denote fully developed and partially developed tissues, respectively, while "À" denotes no growth. Results were reproducible in at least two independent experiments.
spermatogenesis and oogenesis could be executed. Male development was also examined in the same heme-limiting conditions, by using the Him strain rather than wild-type C. elegans (Table 1) , and similar results were obtained. At concentrations around 6 lM hemin or MP-11 and 4 lM yeast cytochrome c, male somatic development occurred normally, with perfect formation of the complicated male tail reproductive structures, but the germline of these males exhibited little proliferation and no spermatogenesis (Table 3 , Fig. 4 ).
Discussion
In this work, we have grown C. elegans in fully defined axenic media and have found that, despite their inert nature, thioether bonds can be cleaved and cytochromes c can be used as a heme source, hence their heme can be recycled. The growth media were supplemented with a variety of c-type cytochromes, including proteins from eukaryotes, a cytochrome-c-derived heme peptide and engineered cytochromes c from E. coli. The fact that C. elegans could grow in all of these heme sources as effectively as in hemin (Table 2) confirms that it encodes a novel system which has evolved to recognize and cleave the specific covalent bonds between heme and polypeptide found in c-type cytochromes. This is further supported by the inability of wild-type and H130C-holo-CcmE to sustain C. elegans growth. The covalent attachment of heme in all cytochromes c is known to happen with very strict stereospecificity [9] . The cysteines of the CXXCH motif of the apo-cytochrome are always attached to the a-carbon of the vinyl group of the heme (Fig. 1B) , unlike holo-CcmE where the bond is thought to form between the b-carbon of the heme vinyl and H130 [29] ( Fig. 1C) . Of course, one could argue that the C. elegans system could potentially process the holo-CcmE polypeptides, just less efficiently, due to, for example, lower affinity for the heme covalent bonds found in these hemoproteins. However, based on the limited bioavailability of holo-CcmE (its role is to pass the heme onto the apocytochrome), this possibility is unlikely. The ability of C. elegans to process such diverse c-type cytochromes, including a heme-bound peptide as well as cytochromes that it would never encounter under physiological conditions (vertebrate or artificial ones), supports a model where the cytochrome c is initially degraded by nonspecific proteases, like any other protein, and subsequently peptides with covalently bound heme are recognized irrespective of their primary sequence and through the nature of their thioether bonds which are then enzymatically cleaved, leading to the release of native heme (Fig. 5) .
The observation that C. elegans grows using heme derived from c-type cytochromes may not seem notable in the first instance. However, to obtain heme from a cytochrome c, an enzymatic reaction is required that will reverse its post-translational addition to the polypeptide. The latter happens via dedicated protein apparatuses in all organisms [30] which ensure the stereospecific attachment of the thiol groups of the cysteines of the CXXCH motif to the a-carbon of the vinyl groups of the heme (Fig. 1B) . Enzymatic cleavage of thioether bonds, although rare, has been previously reported [31, 32] , but in this case the reaction does not generate a carbon-carbon double bond which would be necessary for the release of the native form of the heme (Fig. 1A) . It is plausible to envisage that if an adenosyl species was formed on the cysteines, analogous to the formation of S-adenosylmethionine, it would generate a good leaving group. The presence of a sulphonium cation would then facilitate a reverse Michael reaction [33] which, provided a base removed a proton from the heme b-carbon, would result in the release of the heme in its native form. Identification of the gene product responsible for this reaction is, in principle, possible by using a C. elegans mutant library (knockout mutants for most of the protein-coding genes in C. elegans are now available) and seeking mutants which can grow well on hemin, but which fail to grow on cytochrome c added to axenic media. In fact, such approaches have already been successful for the identification of heme transporter proteins in C. elegans [28] . Unfortunately, at present, there is no obvious way of predicting sequence features for the putative thioetherase, and consequently no way of identifying potential candidates bioinformatically. If an enzyme able to cleave thioether bonds was found in C. elegans, it would be interesting to assess how widespread it is. In eukaryotes apoptosis involves a large turnover of mitochondrial proteins, including vast quantities of cytochromes c; however, it is not known if the heme from these cytochromes is salvaged or discarded.
Our experimental system allowed us to also investigate the effects of limiting heme to C. elegans development and we found that c-heme is as efficient a heme source as hemin for the growth of the animal. In addition, we observed that in limiting-heme conditions somatic tissues develop preferentially to the germline (Table 3 , Figs 3 and 4) . This resembles the arrest in germline proliferation observed when C. elegans is provided with inadequate levels of uridine/thymidine [34] . The latter is regulated by the Glp-1/Notch and MPK-1/MAPK pathways, and suggests the existence of a previously unknown mechanism for sensing nucleotide levels in the germline. Our results indicate that heme levels are also sensed, directly or indirectly, and control a checkpoint for germline proliferation in early larval development. The existence of such a checkpoint, and the preferential utilization of available heme to complete somatic development, makes sense in view of the biology of this organism. In C. elegans, most mitochondrial proliferation takes place during late larval development. The mitochondrial DNA copy number remains constant at~25 000 during embryo and early larval development (L1, L2, L3) but then increases five-fold during the L4 stage and a further sixfold in adulthood [35] . Accordingly, if the main increase in total mitochondrial protein, including many haemoproteins, also occurs only in late larval life, then somatic development will require relatively much less heme compared to the germline. Heme-starved animals can consequently reach sterile adulthood, but with the potential to become fertile if a sufficient source of heme becomes available.
Concluding remarks
Heme is not only essential for life but also an expensive molecule to synthesize. Organisms go to great lengths to regulate its production but also to reuse it when possible and acquire it from their environment, as seen, for example, with bacterial pathogens and their heme acquisition systems [8, 36, 37] . Here, we conclusively show that organisms like the nematode C. elegans, have developed specialized systems to extract heme even when it is covalently bound, like in cytochromes c. This observation, which contrasts with the recently reported failure of H. influenzae to capture heme from c-type cytochromes [8] , has the potential to lead to the discovery of an entirely new class of hemehandling proteins which are not necessarily limited to heme auxotrophs. In the case of parasitic protists, like T. brucei, which also acquire their heme externally, such a discovery could be particularly significant as it might identify a new target for the development of compounds which could limit the growth of these organisms.
